Abstract-The main results of recent experimental research on the different plasma sources for high-current electron beam generation are presented. Namely, passive plasma sources (velvet-based and multicapillary dielectric cathodes) based on flashover plasma and active plasma sources based on a ferroelectric plasma source (FPS) and an FPS-assisted hollow-anode plasma source are described. Different time-and space-resolved electrical, optical, and spectroscopic diagnostics used in these experiments were applied for the characterization of the plasma source parameters. The main data concerning the plasma parameters (plasma density and temperature, plasma uniformity, and plasma potential) and the main features of these plasma sources (plasma formation, lifetime, and vacuum compatibility) are considered. Also, data concerning electron diode operation and the parameters of the generated electron beam while using these plasma sources are presented.
I. INTRODUCTION
E LECTRON beams with cross-sectional areas of 10-200 cm 2 , current densities of 10-50 A/cm 2 , and electron energy of several hundreds of kiloelectronvolts generated at background pressure in the range of 10 −5 -10 −6 Torr can be efficiently used for various applications, such as the generation of high-power microwave radiation [1] , powerful fluxes of X-ray radiation, and pumping of gaseous lasers [2] . One can consider two types of plasma sources that are used for high-current electron beam generation, namely, passive and active plasma sources. Generally, the operation of these cathodes is based on different physical phenomena. In the case of passive cathodes, the plasma is formed during the application of an accelerating pulse due to either explosive or surface flashover phenomena. Therefore, it is important to operate with passive cathodes having a low voltage threshold for plasma formation in order to avoid time delay between the beginning of the accelerating pulse and electron emission. Among passive cathodes, the fiber (velvet, corduroy, and carbon) cathode, which is characterized by flashover plasma formation at electric field E ∼ 10 4 V/cm and dE/dt ∼ 10 11 V/(cm · s), has certain advantages among passive cathodes [3] - [6] . Indeed, explosive-emission cathodes (metal-based) require E ∼ 10 6 V/cm and dE/dt > 10 12 V/(cm · s) in order to form explosive-emission plasma with a delay of several nanoseconds with respect to the beginning of the accelerating pulse. However, the operation of fiber cathodes is accompanied by a relatively large outgasing which limits repetition rate and leads to a relatively short lifetime (≤ 10 5 shots). Also, electron beams generated by using these types of cathodes have microirregularities in the electron current density. This drawback is eliminated by using a multicapillary dielectric cathode assisted by a velvet-based igniter [7] , [8] .
Another approach in the generation of electron beams with moderate current densities is associated with the application of active plasma sources where the plasma is formed prior to the application of the accelerating pulse. The ferroelectric plasma source (FPS) [9] - [11] and the FPS-assisted hollow-anode (HA) plasma source [12] - [14] can be considered as the most advanced sources among other investigated active plasma sources. The FPS allows electron beam generation with current density up to 10 2 A/cm 2 and satisfactory cross-sectional uniformity of the electron beam density. This source has small dimensions, and it requires simple powering. As drawbacks of FPS, one can note its limitation related to emission surface and the electron beam generation in microsecond timescale. As it will be shown in this paper, an FPS-assisted HA plasma source allows one to avoid these disadvantages, i.e., this source can be used for the generation of an electron beam with increased cross-sectional area and pulse duration in microsecond timescale.
In this paper, a short review concerning the properties of the aforementioned plasma sources will be presented. The main data concerning the plasma parameters and the main features of these plasma sources will be discussed. Also, we will discuss the parameters of the generated electron beams using these plasma sources.
II. FIBER-BASED CATHODES
A detailed description and analysis of the results of experimental research on fiber cathodes was given in [3] - [6] . In [5] , a comparison of the parameters of a diode operating with metal-ceramic, velvet, and carbon fiber cathodes was presented. It was shown that all of these cathodes are characterized by the formation of surface flashover plasma whose appearance and uniformity strongly depend not only on the amplitude of the accelerating pulse but also on the rise time of the accelerating electric field dE/dt. Namely, the faster is dE/dt, the smaller is the time delay in the plasma appearance with respect to the beginning of the accelerating pulse and the larger is the amount of the plasma microsources formed at the surface of the cathode with satisfactory uniform radial and azimuthal distribution. Also, the lifetime and outgasing processes of these cathodes were studied. These studies showed that carbon and metal-ceramic cathodes have the smallest deterioration in emission properties as compared with velvet cathodes as well as carbon and metal-ceramic cathodes have less outgasing.
In recent experiments [6] , cathodes made of two types of velvet fabric, which are blue and black and similar to those used in the experiments described in [3] and [4] , have been investigated. Velvet fabrics consist of fiber bunches distributed uniformly with densities of ∼12 cm −2 (black velvet) and ∼14 cm −2 (blue velvet). Each bunch consists of approximately 40 polymer fibers of ∼15 − µm diameters. Each velvet cathode had an emission area of D = 60 − mm diameter. The velvet material was glued with conductive epoxy along the edge of a 2-mm-thick aluminum disk. This disk was attached to the cathode holder having a polished aluminum screening ring of 10-cm outer diameter. The surface of the velvet was offset by ∼1 mm with respect to the ring surface. A planar diode was powered by a ∼200-kV ∼300-ns pulse and operated at moderate ∼40-90-kV/cm electric fields.
The application of the accelerating pulse caused the appearance of intense electron emission from both types of velvet cathode, beginning at an average E ≤ 15 kV/cm with electron current densities j e ≤ 50 A/cm 2 . Fast photography (frame duration of 20 ns) of the light emission from the velvet surface showed a practically uniform distribution of small bright spots that appear when E ≥ 20 kV/cm. However, during the accelerating pulse, the brightness and size of the spots at the periphery of the velvet increase as compared with the brightness of the spots at smaller radii (see Fig. 1 ). In spite of the light intensity redistribution, the framing electron-beam X-ray images demonstrate satisfactory cross-sectional uniformity. A mechanism controlling the cross-sectional uniformity of the electron current density was suggested [6] . Namely, a fast radial plasma expansion toward the center due to a magneticfield radial gradient might be responsible for the electron beam cross-sectional uniformity.
It was shown that in the case of electron current density j e ≤ 25 A/cm 2 , the diode perveance P is almost constant during the accelerating pulse. However, at j e ≥ 30 A/cm 2 , the value of P increases in time. This increase in P could be due to either cathode plasma expansion or the generation of ions at the anode surface. The latter process leads to electron space charge compensation that results in the increase of the electron current in the diode. To evaluate this effect, the ion current was measured by using Faraday cups installed behind the velvet inside the cathode holder. It was found that, for a value of j e ≤ 50 A/cm 2 , a measurable ion flow, i.e., ∼ 0.5 mA/cm 2 , does not appear in the diode with an anode made of stainless-steel plate. The ion flow toward the cathode was obtained only when a polyethylene sample was placed on the anode. In this case, an ion beam with a current density of j i ≈ 1 A/cm 2 was obtained. This ion current density corresponds to the calculated value of the space-chargelimited ion (proton) current density in a planar diode with a bipolar flow [1] . Thus, these measurements showed the absence of an ion flow in the diode with velvet cathode. This means that one should be careful in the application of the bipolar flow model for the explanation of the diode operation in the nanosecond timescale [6] .
The parameters of the plasma (plasma electron density n e and temperature T e , plasma ion temperature T i , and plasma axial expansion velocity V p ) were obtained by spectroscopic measurements. Different spectral lines (H α , H β , and CII) were observed in the vicinity of the velvet surface (≤ 2.5 mm) at different anode-cathode gaps d ac and j e 's. The observed spectral lines of excited hydrogen and carbon ion prove the suggestion that the source of electrons is the cathode surface plasma. The broadening of the H α and H β spectral lines was used to determine the n e and T i of the cathode plasma. These measurements were carried out at a distance ≥ 0.2 mm from the velvet cathode surface at the d ac changed in the range 20-30 mm. It was found that the value of T i ≈ 0.5 ± 0.2 eV does not significantly change for all tested ranges of d ac . The plasma electron temperature was obtained by comparison between the measured H α /H β spectral-line intensity ratio and the results of the collision radiative modeling (CRM) [15] . The H α /H β spectral-line intensity ratio measured in the vicinity of the cathode surface was found to be 1.82 ± 0.2 for d ac = 20-30 mm. For our optical experimental setup, this intensity ratio corresponds to the population ratio of hydrogen excited levels of 2.5 ± 0.5. In Fig. 2 that, for plasma densities of ∼3 × 10 14 and ∼5 × 10 13 cm −3 , which were obtained from the Stark broadening analysis, the plasma electron temperature is T e ≈ 7 ± 1 eV.
III. MULTICAPILLARY DIELECTRIC CATHODE
In this section, the results of the investigation of a diode with a promising multicapillary dielectric cathode that is similar to those described in [7] are presented. A cordierite sample is in the form of a disk, which is 68 mm in diameter, 25 mm thick, and consists of an assembly of capillaries. Each capillary has an opening of 1.2 × 1.2 mm 2 and a wall thickness of 0.1 mm (Fig. 3) . In some of the experiments, a multicapillary glass sample was used. This sample was made of glass tubes with 1.8-and 3-mm internal and external diameters, respectively. The glass could have some advantages over the cordierite, i.e., better vacuum compatibility and opportunity to use spectroscopic methods for the characterization of the capillary discharge. To ignite multicapillary samples, a 68-mm-diameter velvet-type igniter placed on the cathode holder at a distance of 2 mm was used. The accelerating gap was varied in the range of d ac = 2.5-4.0 cm.
First, it was found that electron emission starts at an average electric field on the sample surface of E = ϕ ac /d ac = 30 ± 5 kV/cm and E ≈ 18 kV/cm on the velvet surface, for both types of samples. Here, ϕ ac is the anode-cathode voltage. These threshold electric fields are larger than those reported in [7] , which can be explained by the smaller dE/dt = 4 · 10 12 V/s as compared to dE/dt = 25 · 10 12 V/s in [7] . In the case of diode operation in a space-charge-limited mode, the diode current I = P ϕ evolution of P (t) for different values of j e is shown in Fig. 4 (solid curves). One can see a fast increase in the value of P (t) at the beginning of the accelerating pulse. Later in the accelerating pulse, one obtains P (t) ≈ const for j e = 12 A/cm 2 and P (t) increases slowly for j e > 25 A/cm 2 . Thus, one concludes that, in the case of j e > 25 A/cm 2 , the ratio S(t)/d 2 ac (t) = const, which implies that the plasma dynamics is important in the case of long duration accelerating pulses [8] .
The light emission from the sample's front surface was studied at d ac = 26 mm (j e ≈ 40 A/cm 2 ) and d ac = 38 mm (j e ≈ 12 A/cm 2 ) using the setup shown in Fig. 2 2 , a uniform light emission was observed up to τ d < 150 ns that corresponds to the duration of the accelerating pulse used in [7] . Similar framing images were obtained in the case of the setup shown in Fig. 2(b) . However, later in the accelerating pulse, the light intensity at the periphery of the sample surface increases [ Fig. 5(b) ], while retaining an emitting area diameter that is equal to the sample diameter. In addition, diverging light rays as radial discharges appear at that time. Similar images were obtained at d ac = 32 mm. The framing images of the velvet igniter obtained through a grid anode without the multicapillary sample showed discrete plasma spots that were uniformly distributed on the surface of the The parameters of the plasma (n e , T e , T i , and plasma expansion velocity V pl ) were studied by using Stark and Doppler broadening analysis and CRM. Different spectral lines [H α , H β , CII (3920.7 Å), CII (4267.3 Å), and CII (6578.05 Å)] were observed in the vicinity of the sample surface at j e ≈ 40 A/cm 2 . In addition, H α and H β spectral lines were obtained inside the glass capillaries. Analysis of H α and H β showed that, in the vicinity of the cathode surface, n e ≈ 2 × 10 14 cm −3 , T e ≈ 4.5 eV, and T i ≈ 0.5 eV, and inside the capillaries, n e ≈ 8 × 10
15 cm −3 , T e ≈ 5 eV, and T i ≈ 4 eV. CII spectral lines were obtained in the vicinity of the sample surface only after ∼2000 shots. One can suppose that the appearance of CII lines is related to carbon deposition on the capillary walls because of velvet erosion. The plasma average expansion velocity was estimated as V pl ≈ 1.7 ± 0.3 cm/µs using a time delay in the appearance of the H α spectral line in the vicinity and at a 1.7-mm distance from the cordierite front surface.
In 5(b) ]. The same electron beam X-ray pattern was observed at d ac = 32 mm. In the case j e ≤ 12 A/cm 2 , a uniform X-ray image was observed during the whole accelerating pulse [ Fig. 6(c) ], which agrees with the uniform radiation of the sample surface [ Fig. 5(c) ]. Similar X-ray images were obtained in the case of the glass sample and for the setup shown in Fig. 3(a) . However, in the latter case, the radial distribution of the X-ray intensity shows Gaussian form. Also, it was found that, up to τ * d ≤ 110 ns, the diameter of the X-ray image increases up to 105 mm, and later in the accelerating pulse the image diameter remains constant. These data were verified by an array of eight collimated Faraday cups (CFCs). An almost-uniform current density distribution was obtained for the setup in Fig. 3(b) for both cordierite and glass samples. However, for the setup shown in Fig. 3(a) , the electron beam current density showed Gaussian distribution. The vacuum compatibility of the cathode was not studied in this experiment. However, it was found that, at j e ≥ 30 A/cm 2 , a considerable number of 1-500-µm cordierite grains covered the vacuum chamber walls. At the same j e , the glass sample did not show any damage [8] .
It was shown that, at the beginning of the accelerating pulse, P (t) increases fast, and later in the accelerating pulse, P (t) increases more slowly [ Fig. 4 (solid curves 1 and 2) ]. The time delay in the P (t) inflection agrees with τ * d when the X-ray image diameter reaches its maximal value. For instance, at j e ≈ 40 A/cm 2 , one obtains the time delay in the perveance curve inflection of ≈ 100 ns, which agrees with τ * d ≈ 110 ns. One can suppose that, for t < τ * d , the perveance mainly increases due to an increase in the plasma surface area, and for t ≥ τ * d , the perveance increase is mainly determined by the plasma expansion toward the anode. Also, taking into account the X-ray image on the anode (Fig. 6 ), one can expect that, at τ d > 100 ns, electron emission occurs from the entire cathode surface. Thus, the diode perveance for j e > 12 A/cm 2 was simulated as
Here, values of S(t) and d ac (t) were calculated as S(t) = π(r
, where r c is the sample radius. In Fig. 4 , the results of these calculations are shown (dotted curves 1 and 2) with V pl as a fitting parameter (V pl ≈ 1.1 cm/µs for j e ≈ 25 A/cm 2 and V pl ≈ 2.2 cm/µs for j e ≈ 40 A/cm 2 ) for corresponding experimental values of P (t). The calculated value of V pl for j e ≈ 40 A/cm 2 agrees with the value of V pl obtained by spectroscopic measurements. In the case of d ac = 38 mm (j e ≈ 12 A/cm 2 , Fig. 4 , curve 3), a plateau in the perveance was obtained in the second part of the accelerating pulse. The latter can be explained by the plasma being stopped at a distance where j pl = j e , where j pl is the plasma-saturation electron current density. Indeed, the perveance calculated for d ac = 38 mm (Fig. 4, dotted line) is lower than the experimental P (t).
The present results have shown that the operation of a multicapillary cathode in a diode with j e ≤ 40 A/cm 2 is characterized by the formation of a plasma that expands toward the anode. It was found that this plasma forms inside the capillaries with n e ≈ 8 × 10
15 cm −3 and T e ≈ 5 eV. In the vicinity of the cathode surface for j e ≈ 40 A/cm 2 , the plasma has n e ≈ 2 × 10 14 cm −3 and T e ≈ 4.5 eV. Also, the diode perveance behavior and spectroscopic measurements showed that this plasma expands toward the anode at a typical velocity of 1-2 cm/µs for 40 A/cm 2 ≥ j e ≥ 25 A/cm 2 . The plateau of P (t) ≈ const observed in the second part of the accelerating pulse for j e ≈ 12 A/cm 2 is caused by the plasma being stopped within the anode-cathode gap. Finally, the glass multicapillary cathode demonstrates higher vacuum compatibility than the cordierite one for the same electron current densities [8] .
IV. FPS
Numerous experimental investigations showed that FPS can be used as an active plasma cathode that requires a power source with stored energy of only a few Joules [9] . The operation of FPS is based on the formation of the plasma at the front surface of the ferroelectric sample covered by either a strip or grid front electrode and a solid rear electrode. This plasma has a flashover nature, i.e., the plasma is generated by a driving pulse with electric field E ∼ 10 4 V/cm applied between the sample electrodes. This driving pulse causes incomplete surface discharges initiated in triple points at the front electrode where a significant enhancement of the driving electric field occurs. It was shown that the surface plasma parameters can be easily controlled in the range of n e = 10 10 -10 13 cm −3 and T e = 4-8 eV by the change of the driving voltage pulse polarity, amplitude, and rise time. The enhanced density of the FPS surface plasma in the range of 5 × 10 13 -10 15 cm −3 was achieved by the use of either a double driving pulse or a driving pulse with slow rise time and fast fall time [10] . This plasma serves as a source of electrons extracted by an accelerating pulse delivered to the FPS by a high-voltage generator. The application of FPS allows the generation of electron beams with j e ≤ 25 A/cm 2 at accelerating voltages of several hundreds of kilovolts, pulse duration of 50-400 ns, and total current up to 2 kA.
In general, the application of active plasma cathodes requires special systems that should decouple the cathode power supplies and the high-voltage generator delivering the accelerating pulse. Commonly used decoupling systems consist of inductors with large inductances. However, in the case of microsecond timescale generators, one should use inductors having large weights, sizes, and costs.
In this section, we report on the results obtained in recent experiments [11] of electron beam generation in a diode with the FPS ignited by the driving pulse with slow rise time and fast fall time and remotely controlled by optic fibers (Fig. 7) . Typical framing images of the light emission prior and during the accelerating pulse are shown in Fig. 8 . Let us note that the light emission during the rise of the driving pulse, i.e., during the ferroelectric sample charging, was too weak and it was observed only with a maximal magnification (∼10 5 ) of the framing camera. Nevertheless, the observed light emission during the rise in the driving pulse showed the presence of the surface plasma formation. During the fall time of the driving pulse, i.e., during the discharge of the ferroelectric sample [see Fig. 8(a) ], as well as during the accelerating pulse [see Fig. 8(b) ], one obtains a significant increase in the intensity of the light emission although these images were observed with a ∼10
4 magnification of the framing camera. The increase in the light intensity as compared with the light intensity during the rise of the driving pulse indicates an increase in the plasma density, which was shown by the use of different diagnostics. Also, one can see a satisfactory uniform distribution of incomplete surface discharge. The latter also suggests uniform plasma-density distribution at the vicinity of the cathode output grid. In addition, let us note the increase in the light intensity during the accelerating pulse [see Fig. 8(b) ]. At present, we do not know the reason(s) of this increased light intensity. However, one can suppose that due to the intense extraction of plasma electrons by the accelerating pulse, the plasma acquires positive potential that results in increased energy of ions that are accelerated toward the ferroelectric surface. These energetic ions cause enhanced evaporation and local surface charging, which results in intense surface flashovers, i.e., the formation of denser plasma. Experiments showed that the use of the FPS with fast fall time of the driving pulse allows reproducible generations of electron beams with high-current electron density and uniform cross-sectional current density distribution. The application of the fiber-optic decoupling allows the easy control and synchronization of the FPS operation with the firing of the HV generator. It was also shown that, in the case of the drivingpulse ringing, the application of the accelerating pulse during the fall in the negative ringing leads to the plasma per-filled mode of the diode operation due to intense ion emission from the FPS. In the case when the accelerating pulse is applied during the rise in the positive driving-pulse ringing, one obtains diode operation with limited plasma emission ability. Only with the application of the accelerating pulse during the fall in the positive ringing of the driving pulse, can one obtain the diode operation in the space-charge-limited mode. This dependence of the diode mode operation on the time of the acceleratingpulse application with respect to the driving pulse is explained by processes related to the screening of ferroelectric bounded surface charges by the plasma charged particles [11] .
V. FPS-ASSISTED HA
In this section, we report on the development and study of the FPS-assisted HA, which operates at a pressure in the range of 10 −4 -10 −5 Torr with reliable and reproducible generations of electron beams having current densities of several amperes per centimeter square, cross-sectional areas of ∼130 cm 2 , and accelerating electric fields up to 40 kV/cm. To provide efficient HA plasma formation and to improve the uniformity of the plasma-density distribution in the vicinity of the HA output grid, seven FPSs distributed with azimuthal symmetry were placed at the bottom of the HA cavity (Fig. 8) [14] . In order to decouple the operation of the FPSs, limiting resistors connected between the FPSs front electrode and pulsed forming network generator output (this generator was used for the FPS ignition) were used with resistance R l R d · n, where R d = ϕ d /I d is the discharge resistance, ϕ d is the discharge voltage, and I d is the discharge current (see Fig. 9 ) [14] . The discharge current distribution among the FPSs was monitored using current probes. It was found that the current distribution is almost uniform, i.e., 140 ± 7 A is flowing via each FPS. Such a high uniformity of FPS discharge current distribution can be explained by a high value of R l as compared with the discharge
The HA was made in the form of a stainless-steel cylinder. It had an output grid made of stainless steel with 50% transparency. An insulator was used to support the HA output grid. The grid was connected to the HA cavity either by a low-inductance resistor R gr or by parallel connected resistor R gr and capacitor C gr [12] - [14] . To ignite and sustain the HA discharge with uniform plasma density at the vicinity of the HA output grid, seven identical FPSs were used. Each FPS had a form of a disk, which is 18 mm in diameter, 2 mm thick, and made of a BaTi solid solution with a high dielectric constant ε ≈ 3000.
The operation of the HA begins with the simultaneous application of the driving pulse to the FPSs, which causes the appearance of bright plasma spots on the surface of all FPS samples as a result of the surface discharges on the front FPS surface [ Fig. 10(a) ]. These surface discharges produce plasma flows which ignite the main HA discharge with a current amplitude up to 1000 A at background gas pressure in the vacuum chamber of ∼2 × 10 −4 -6 × 10 −5 Torr. The HA discharge was kept by an additional pulse generator (≤ 7 kV, 20 µs). Moreover, it was found that the FPSs continue to self-consistently produce the plasma during the HA operation without any additional power supply for surface plasma formation. In our recent experiments, it was found that the FPS can efficiently sustain the HA highcurrent discharge for as long as several milliseconds.
In the case of multi-FPSs, a satisfactory uniform light emission was observed from all seven FPSs during the whole duration of the HA operation [see Fig. 10(b) ]. Using double floating probes, the HA plasma bulk values of n e and T e were estimated to be T e ≈ 8 eV and n e ≈ 1 × 10 12 cm −3 at the HA discharge current amplitude I d ≈ 1000 A and gas pressure P ≈ 8 × 10 −5 Torr. In order to avoid plasma penetration into the anode-cathode gap, which could cause a plasma prefilling mode of the diode operation, an autobias of the HA output grid was used. The autobias grid potential was produced by the electron plasma current passing through the resistor R gr connecting the grid to the HA. Research of this phenomenon showed that one should take into account fast energetic electrons (up to several kiloelectronvolts) existing during the transient phase of the HA discharge formation. Part of these electrons are collected by the HA output grid that leads to the appearance of a large (of few kilovolts) negative potential. It was shown that, when this transient grid potential exceeds a threshold of −1.5 kV, which corresponds to the value of R gr > 200 Ω, a parasitic vacuum discharge develops between the HA diaphragm and the HA output grid. This vacuum discharge decreases the value of ϕ gr to ∼−40 V during the main HA discharge. To avoid this parasitic vacuum discharge, a capacitor C gr was connected parallel to R gr . The use of this capacitance allows one to significantly decrease the HA output grid potential during the transient stage of the HA discharge and to avoid parasitic vacuum discharge initiation.
The HA plasma flow penetration through the output grid was studied by using a CFC placed at a distance of 1 cm from the grid. The experiments were carried out with positively biased and zero-biased CFCs. In the latter case, the difference between the plasma electron j e and ion j i current densities, i.e., j pl = j e − j i , was measured. The HA output grid autobias potential was varied by different values of R gr = (3 − 1500) Ω, keeping constant C gr ≈ 990 nF. The dependence of j pl and j i on the autobias grid voltage ϕ gr are shown in Fig. 11 . One can see that the use of C gr = 990 nF allows one to increase the value of ϕ gr up to ∼−300 V as compared with ϕ gr ≤ −70 V in the case of the absence of this capacitance. It was shown that the increase in the value of ϕ gr up to ∼−300 V leads to a decrease in the value of j pl by 120 times, namely, from ∼120 to ∼1 mA/cm 2 [see Fig. 11(a) ]. In fact, a sharp decrease in the plasma flow already occurs at the value of ϕ gr ≥ −100 V. Thus, the use of additional capacitance, which is charged by energetic electrons at the beginning of the HA discharge up to −300 V, allows an efficient cutoff of plasma electrons having energy ≤ 100 eV during the main HA discharge. Let us also note that a four-fold decrease in the value of j i , i.e., from ∼12 down to ∼3 mA/cm 2 was obtained as well [see Fig. 11(b) ].
The application of the seven FPSs, which are distributed with azimuthal symmetry and placed at the bottom of the HA, allows one to obtain the uniformity of the plasma-density distribution in the vicinity of the HA output grid. The HA plasmadensity radial distribution was studied by using an array of 12 negatively biased (−100 V) CFCs placed at a 1-cm distance behind the HA output grid. In these experiments, the autobias grid capacitance C gr = 990 nF and resistance R gr = 100 Ω were used. The distance between the FPSs and the HA output grid was varied in the range of 10-19 cm. A satisfactorily uniform radial distribution of the ion plasma current density (j i ≈ 3 mA/cm 2 ) was obtained at a distance of 17 cm between the FPS and the HA output grid (Fig. 12) . At smaller distances, the ion plasma current density distribution was nonuniform. The typical framing images of the light emission from the FPS without the HA discharge, during the HA discharge, and during the accelerating pulse are shown in Fig. 10(a) . These images show that there is no significant change in the light intensity of the plasma spots during the accelerating pulse as compared with plasma-spot light intensity prior to the accelerating pulse [see Fig. 10(b) ]. Thus, one can also suppose that there are no significant changes in the surface plasma density and temperature during the accelerating pulse. The application of this HA as an electron source in a diode results in the generation of an electron beam with a diameter of 13.5 cm, total current of 1.2 kA, and uniform current density cross-sectional distribution [14] . 
VI. THOMSON SCATTERING DIAGNOSTICS
OF THE HA PLASMA
In this section, we describe the results of plasma-density and electron-velocity distribution measurements using Thomson scattering diagnostics. The use of Thomson scattering allows one to avoid one of the main drawbacks of the spectroscopic measurements, namely, the assumption of the Maxwellian distribution of the plasma electrons, which, in general, is not realized for short-duration current carrying plasma with moderate density. The Thomson scattering diagnostics allow one to determine the plasma electron energy distribution (EED) and density by analyzing the scattered light spectrum and intensity [16] . A pulsed neodymium-doped yttrium aluminum garnet laser permits the application of this method for the plasma with densities down to n e ≈ 5 · 10 13 cm −3 . The plasma electrons may have an arbitrary EED that results in a spectral broadening of the scattered photons due to the Doppler effect. For a single scattering event, the dependence of the photon frequency shift ∆ω on the electron momentum p is as follows [17] :
where m is the electron mass,n andn are unit vectors of the incident and scattered photons, respectively, c is the light velocity, and ω is the incident photon energy. Thus, the analysis of the spectrally resolved scattered light allows one to obtain the EED. In the case of an absolute scattered light intensity calibration, one also obtains the plasma electron density. The experimental setup used in the present research was similar to the one described in [13] . Namely, an HA with incorporated seven identical FPSs was used. The application of a driving pulse (∼2 kV, ∼200 ns) caused plasma formation at each FPS front surface (see Section V). During the HA discharge, the FPS plasma was self-consistently formed at the front surfaces of the FPSs. An accelerating pulse (∼200 kV, ∼300 ns) applied with a time delay τ d ∼ 15 µs with respect to the beginning of the FPS driving pulse caused the extraction of electrons from the HA plasma through the HA output grid. To make available an optical access to the plasma, longitudinal slots were prepared in the HA electrode. The laser beam (SureLite laser, λ = 5320 Å, 0.2 J, 8 ns) was collimated and focused at a distance of either d = 3 mm or d = 5 mm from the central FPS front surface (see Fig. 13 ). After passing the HA, the laser beam was absorbed by a graphite damper placed at the bottom of the vacuum chamber. Also, black velvet sheets placed at the HA wall were used as "viewing dampers" in order to decrease the parasitic laser beam scattering inside the HA and vacuum chambers. The laser beam focus (∼1-mm diameter) was imaged at a 250-mm imaging Chromex spectrometer (600 grooves/mm grating) input slit using an achromatic lens. The spectrometer resolution was 1.3 Å/pixel. The spectrometer optical axis was perpendicular to the laser-beam propagation direction and to the FPS surface normal. The laser beam polarization was perpendicular to the FPS surface (see Fig. 13 ). Hence, the scattered light had the same polarization as the laser beam. At the same time, the parasitic light was randomly polarized. Thus, a polarizer which transmits only perpendicularly polarized light was placed in front of the spectrometer slit in order to increase the signal to noise ratio. The image of the spectral-line profile at the output of the spectrometer was recorded by using a 4Quik05A camera with frame duration of 20 ns.
The first experiments without HA discharge, when only the FPSs were ignited, already showed that, at τ d = 15 µs and d = 3 mm, there was laser beam scattering by microparticles whose generation accompanied the ferroelectric surface discharge. In [18] , it was shown that the mean microparticle size and velocity are ∼5 µm and ∼6 × 10 3 cm/s, respectively. For this case, which will further be referred to as case (a), an example of the spectral image of the laser beam scattering is shown in Fig. 14(a) . In order to obtain the image of the laser beam, a spectrometer entrance slit width of 0.3 mm was used. Typical spectral framing images of the scattered light obtained during the HA discharge prior to and during the accelerating pulse are shown in Fig. 14(b) [case (b)] and in Fig. 14(c) [case (c)], respectively. Also, with the same experimental setup, the mean backgrounds (the 4Quik05A camera self-background, the background of the plasma light emission without the laser during and without the accelerating pulse, and the laser background, i.e., without the FPS and HA discharge) with statistical averaging over ten shots were obtained. All the spatially resolved spectral images were transformed to spectral curves by the vertical summing of the camera pixel intensities. In case (a), the spectral line is not broadened or shifted because at τ d = 15 µs and d = 3 mm, n e ≤ 10 10 cm −3 [19] . Thus, the obtained spectrum is related to the laser light scattering by the microparticles [18] . In cases (b) and (c), the spectra of the scattered light showed significantly different features: The peak intensity is increased, and wings appear in the spectra. These wings are related to the Compton shifted photons that were scattered by the plasma electrons.
The absolute calibration of the Thomson experimental setup was carried out using the laser beam Rayleigh scattering by nitrogen gas whose pressure was changed in the range of 0.1-5.5 Torr. The increase in the Rayleigh scattered light intensity S R with the increase in the nitrogen pressure by 1 Torr was used to determine the electron density n e . The ratio of the measured light intensity obtained in the Thomson scattering S T and the Rayleigh scattering ∆S R at a nitrogen gas density of 3.5 × 10 16 cm −3 is as follows [13] : for λ = 5320 Å [20] are the Thomson and Rayleigh cross sections, respectively. Let us note that the increase in the intensity in case (b) as compared with that of case (a) could be due to the increase in the amount of microparticles. In order to avoid this uncertainty and to obtain the EED, the averaged case (b) spectrum was normalized to the averaged case (a) spectrum. Namely, the intensities of the case (a) spectrum were multiplied by the ratio of the areas of the case (b) and case (a) spectra. Thus, the difference between the wings of the case (b) spectrum and the normalized case (a) spectrum is due to the Compton shifted photons. This Compton spectrum was transformed to the EED using the first equation and the Rayleigh calibration [see Fig. 15(a) ]. Here, it was assumed that the electrons possessing velocities that are parallel to the laser beam or to the observation directions give a major contribution to the Compton wavelength shift. One can see that, during the HA discharge, n e ∼ 2 · 10 15 cm −3 and a major part of the plasma electrons have energy ≤ 5 eV. The same analysis of the EED during the accelerating pulse for case (c) is shown in Fig. 15(b) . In this case, the value of n e increases up to ∼5 × 10 16 cm −3 and the major part of plasma electrons increase their energy up to 20 eV. It is reasonable to assume that, during the first 150 ns of the accelerating pulse, the amount of microparticles remains the same for cases (b) and (c). Thus, the increase in the spectrum area for case (c) could be explained by the increase in n e by ∼ 8 × 10 16 cm −3 , which agrees satisfactorily with the previous analysis.
The same Thomson scattering experiments were carried out at d = 15 mm where the plasma density is significantly lower [19] . To increase the system sensitivity, the width of the spectrometer slit was increased up to 2 mm and the 4Quik05A camera magnification was set to maximum. Also, a 150-grooves/mm spectrometer grating was installed. The changes in the spectrometer setup resulted in a spectral resolution of 5.2 Å/pixel and an instrumental linewidth of 90-Å full-width at half-maximum that did not allow us to observe the Compton broadening of the scattered light spectrum. However, it was also found that microparticles already appear at this distance when τ d ≥ 5 µs. With the increase of τ d , the amount of microparticles increases significantly. Thus, one can conclude that a small amount of microparticles acquires velocities up to 3 × 10 5 cm/s. Recent research [18] showed that the application of the driving pulse with slow rise time (∼750 ns) and fast fall time (≤ 100 ns) causes the generation of microparticles with an average size of ∼5 µm, density of ∼7 · 10 4 cm −2 , average velocity of ∼6 · 10 3 cm/s, and FPS surface erosion mass of ∼5 · 10 −8 kg/cm 2 per pulse. In the case of the FPS as a plasma source for the HA operation, the microparticle generation should be significantly less. Indeed, it was shown that only with nanosecond time duration in the fall of the driving pulse, can one obtain an intense generation of microparticles. The phenomenon that governs microparticle generation is related to Coulomb micro explosions of ferroelectric surface induced by enhanced electric field at the front of the expanding plasma channel [21] . Nevertheless, analyzing only the horizontal lines of the images without the microparticle spots, it was found that the intensity of the scattered light in cases (b) and (c) exceeded the intensity in case (a). The latter allows one to estimate the HA bulk plasma density as ≈ 6 × 10 13 cm −3 . During the acceleration pulse, the statistical error in the density measurements did not permit us to confirm the density changes.
VII. CONCLUSION
In this paper, experimental results concerning several types of passive and active plasma sources for the generation of high-current electron beams with current densities of ∼10-50 A/cm 2 , electron energy of ≤ 300 keV, and pulse duration of several hundreds of nanoseconds were presented.
In the case of passive cathodes when the plasma formation occurs during the accelerating pulse, velvet and carbon fiber cathodes can be considered as best candidates for the generation of an electron beam with pulse duration of several hundreds of nanoseconds and current densities of ≤ 25 A/cm 2 at E ≈ 50 kV/cm. These cathodes have a fast turn-on (E ≤ 15 kV/cm) and are characterized by low-density plasma formed at their surface. However, these cathodes cannot be used for the generation of electron beams with high repetition rates because of relatively large outgasing and deterioration of cathode emission properties. The same concern is related with the use of these cathodes for microsecond time duration electron beam because of the appearance of nonuniformity in the cathode plasma cross-sectional distribution. The multicapillary cathode that was recently suggested by Friedman et al. [7] is also characterized by low-density-plasma formation at the output of the capillaries and vacuum deterioration during its operation. Its fast turn-on and operation with current density of ≤ 15 A/cm 2 showed a constancy of the diode perveance. However, the increase in current density of ≥ 25 A/cm 2 leads to a rise in the perveance, i.e., to an increase in the density of the plasma and its fast expansion toward the anode.
The considered active plasma sources (FPS and FPS-assisted HA) showed important advantages as compared with passive cathodes. Indeed, the FPS and HA plasma density and temperature can be controlled in a wide range using different driving pulses and discharge current amplitudes, respectively. The beginning of electron emission does not depend on the rise time and amplitude of the accelerating electric field. Also, the lifetime of these cathodes is significantly larger than that of passive cathodes, as well as the deterioration in emission properties was not observed. Finally, these active cathodes, particularly the FPS-assisted HA plasma source, can be used for the generation of electron beams in microsecond timescales with almost arbitrary cross-sectional areas. However, the question concerning the possibility of these source applications for the generation of electron beams with current densities of hundreds of amperes per centimeter squared, which is similar to the case of explosive-emission plasma and keeps quasi-constant diode perveance, is still open and requires additional research.
